U.S. Department of Energy

Lawrence
Livermore
National
Laboratory

N=""

UCRL-ID-142777

3w power balance
procedure on the NIF

Siegfried Glenzer, Ogden Jones, D.R. Speck, Dave
Munro, Richard Lerche, Thad Salmon, Erlan Bliss, Alan
Gates, Bob Boyd, Jerry Auerbach, Wade Williams, Allyn
Saroyan, Dan Kalantar, Brian MacGowan, Rich Zacharias,
Chris Haynam, Rick Sacks

January 22, 2001

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This work was performed under the auspices of the U. S. Department of Energy by the University of
California, Lawrence Livermore National Laboratory under Contract No. W-7405-Eng-48.
This report has been reproduced directly from the best available copy.

Available electronically at http:/ /www.doc.gov /bridge

Available for a processing fee to U.S. Department of Energy
And its contractors in paper from
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831-0062
Telephone: (865) 576-8401
Facsimile: (865) 576-5728

E-mail: reports@adonis.osti.gov

Available for the sale to the public from
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
Telephone: (800) 553-6847
Facsimile: (703) 605-6900
E-mail: orders@ntis.fedworld.gov
Online ordering: http:/ /www.ntis.gov/ordering.htm

OR

Lawrence Livermore National Laboratory
Technical Information Department’s Digital Library
http:/ /www.lInl.gov /tid / Library.html



| nterdepartmental |etterhead
Mail Station L-437

Ext: 2-7409
January 22, 2001
NIF_0062073
TO: Distribution
FROM: Siegfried Glenzer, Ogden Jones, D. R. Speck, Dave Munro, Richard Lerche,

Thad Salmon, Erlan Bliss, Alan Gates, Bob Boyd, Jerry Auerbach, Wade
Williams, Allyn Saroyan, Dan Kaantar, Brian MacGowan, Rich Zacharias,
Chris Haynam, Rick Sacks

SUBJECT: 3w power balance procedure on the NIF.

SUMMARY

This document defines the detailed NIF full system shot procedure to obtain 8% power
balance as specified by the SDR002 3.2.1.04. Because the 48 quads of the NIF will be set
up over a period of five years, obtaining power balance will naturally be accomplished in
two steps. First, as each quad is brought online, the four laser beams within each quad will
be tuned by setting the PABTS splitter ratios so that each beam will give the same laser
power on target during low energy square pulse shots. During the quad activation period dl
of the technical tools and procedures will be developed that are needed for attaining full
laser power balance. After the initid settings of the 48 PABTS, if no other tuning is done
the overdl NIF power balance is expected to be about <15%. In the second step, an
iteration procedure with approximately 18 full laser system shots will be needed to obtain
8% power balance by tuning out the remaining systematic differences among the quads to
an acceptable small difference of 2% rms (at 3w). This rms difference is smaller than the
expected variation of the injection energy or the amplifier gain, and isaso of the same order
asthe laser energy diagnostic accuracy. Therefore, 8% power balance will require a number
of precison measurements that will need accurate caibrations combined with a laser
performance model that accounts and corrects for variations of the injection energy and the
amplifier gain. This document is intended to specify the procedure and the flow-down of
requirements from the system design requirement of 8% power balance. It is further
intended to help guide the laser shot planning, the laser controls, and the laser performance
operations model groups. It should provide input relevant to power balance tuning for the
development of an operations model that includes post-shot analysis (as described in
NIF_0046491), shot planning (as described in this memo), and pre-shot analysis.

1. INTRODUCTION

Figure 1 summarizes the various tasks necessary to achieve 8% power balance. Before
starting the set-up procedures, a number of calibration shots that can be performed within 4
eight hour shifts of NIF operations will be needed to ensure accurate laser power
measurements and synchronization of the beams on each system shot. After the diagnostics




are quaified, 10 laser shots will be required for each quad to set the PABTS splitter ratios to
compensate for the systematic differences between the four beams in the quad. This will be
accomplished by firing low energy, square output pulse shots and adjusting the splitters to
equalize the 3w outputs. This step will be performed once while activating a quad and might
be repeated for the whole laser at other times, such as, at the start of important campaigns or
when the tuning procedure to obtain 8% power baance is started. With only the initia
PABTS gplitter tuning, the projected systematic differences between quads will cause the
power balance to be about <15% at this point. Severa measurements and calculations will
have to be developed during thisinitia quad setup to facilitate the later laser setup. After a
number of quads have been set up and shots requiring power balance are scheduled, a shot
campaign to tune out the systematic differences between quads to less than 2% will be done.
Thiswill require that the laser diagnostic data from the input sensor, the output sensor, and
the FOA 3w FOA diagnostic sensor be used together with the operations mode to
determine the systematic differences between the quads to the 2% leve. It may require
several iterations of low energy, square output pulse, 3w shots to reach and confirm this
accuracy. We estimate that six shots will be required during each iteration to average over
the random variations in the ILS and in the amplifier gain and 3 iterations with six shots
each will be required to reach the fina settings. During the first iteration an initial set of
measurements is taken and the laser settings are adjusted using the PAM wave plates to
compensate for the differences between quads. The second set of six shots will indicate
whether the laser settings have resulted in smaller systematic quad differences. The third
iteration may be required to further reduce the systematic differences. On subsequent
power balance campaigns, it islikely that only two iterations of six shotswill be required.

Thismemo is structured as follows: In section 2 we will describe in detail the quad setup.
In section 3 we summarize the 1w and 3w laser diagnostics and calibrations that need to be
combined to obtain 3w power curves (as described in detail in NIF_0046491). Section 4
summarizes the analytica (performed by R. Speck) and the numerical studies (performed
by O. Jones) that define quantitatively which measurements and which accuracy will be
needed to obtain and measure systematic differences to better than 2%. Section 5
summarizes action items that might result in improvements and shot savings.

2. POWER BALANCE SET-UP SHOTS (15% pb)
In the period of 2004-2008 the 48 quads will be activated. To tune out the systematic
differences among the 4 beams in each quad, 10 properly diagnosed full system shots will
be required for each quad. We intend to perform these power balance setup shots with
10ns-long low-energy square pulses with 3w power equivalent to that of the foot of a Haan-
pulse. Thedesired pulse delivers an energy of 500J a 3w on target which corresponds to
approximately 3kJ energy at 1w because of the low conversion efficiency at thislow power.

The reasons for this laser pulse choice are:

1) It is desrable to tune out difference among beams a the Haan-pulse foot levd where
power balance is most difficult to achieve for an indirect drive inertid confinement
fusion campaign. At the peak of the Haan pulse, power balance will be improved
because of laser saturation and the reduced sensitivity of the 3w output to errors in the
lwdrive.




2) A sguare pulse will dlow us to use the 3w calorimeters in the FOA 3w diagnostic
sensor to measure power differences between beams and quads. The 3w calorimeters
are more accurate than the 3w power diagnostics.

3) Tuning out differences among beams and among quads with low energy sgquare pulses
instead of full power Haan-shaped pulses will dlow us to perform these calibrations
with minimal impact to the 3w final optics. No laser glass damage is expected for E;, =
500J per beam.

One consequence of the high 1w energy is the creation of significant amounts of shrapnel

and debris. Disposable debris shields are desirable because there are no foca spot

requirements for the tuning procedure. However, the requirements on the overal

transmission and on the spatial uniformity are stringent:

1) Theoveral transmission must be known to an accuracy of about 0.5% before the shot.

2) The long-scae-length spatiad non-uniformity can not exceed 10% without
compromising the accuracy of the 3w energy measurement.

Because it is not known a this time whether disposable debris shields will meet these

requirements in 2004, a minimum debris target should be developed that will alow us to do

the tuning shots with the standard debris shield (see 5.2).

Figure 2 shows a summary of the laser setup procedure for the initid setting of the splitter
ratios for each quad. Before we fire the tuning shots, a number of shots for laser
characterization and diagnostics cdibrations will need to be performed. First, the
conversion efficiencies to 3w, the amplifier small signa gains, and the optica transmissions
need to be characterized. A Laser Performance Operations Model (LPOM) will use this
information to calculate the injection pulse out of the PAM into the main laser chain that will
produce the desired low-energy square pulse on target. The calculated injection pulse will
be confirmed with PAM shots before we propagate a pulse down the laser chain. In order
to control PAM shot-to-shot variations with the low energy injected pulses, a following-
pulse capability will need to be developed (see 5.1) to saturate the regenerative amplifier in
the PAM so that the injection energy variations are tolerable (at the desired 3% level). Four
full laser shotswill be required to measure the 3w laser energies with the 3w calorimeters in
the FOA 3w diagnostic sensor to 2.4% accuracy (based on the 3w energy measurement
having a gtatic error of 2.2% and a dynamic error of 1.6%). At this time, four well-
characterized beam sampling gratings (BSGs) and proper debris shields are required for
each quad being tuned. Targetsto intercept the beams at TCC are also required. Using the
results from these first four shots, the PABTS splitter ratios will be adjusted to compensate
for the differences between beams and subsequently 4 more shots will befired to verify that
the splitter ratios have been set correctly. It might be possible to reduce the number of shots
dightly by using afaster algorithm (see 5.3). At this point, no further tuning of the laser or
pulse shape is required. Two more shots with high 1w energy to measure saturated gain
ratios of each beam for input into the LPOM will conclude the set up of the quad. After dl
guads have been set up this way, we expect that the 192 NIF beams will produce <15%
power balance.



3. LASER DIAGNOSTICSAND CALIBRATION SHOTS

Accurate laser diagnostics is a prerequisite for power balance. In NIF_0046491 we have
documented the strategy for accurate 3w power measurements on the NIF, and in
NIF_0058570, "Assessment of 3w laser power and energy measurements on NIF" we have
analyzed the diagnostics capabilities and defined the flow-down requirements to meet the
needed accuracy. In this section, we briefly summarize the procedures and estimate the
number of laser shots required for calibration of the 1w and the 3w diagnostics (see Figure
3).

The NIF beam diagnostics will receive full-aperture samples of the beam at the output of the
SF4 spatia filter lensin the 1w section and after leaving the target chamber focus lens in the
3w section. The 1w sampleisthe 0.1+0.05% reflection from a coated optic following SF4
that is sent to the output energy integrating diode and the output sensor where the near field
and the pulse shape are recorded. The 3w sample is the 0.5% first order diffraction off a
grating (BSG) following the 3w focus lens that is sent to detectors in the FOA where the
energy and pulse shape are recorded. Both of these sampling optics will need to be
accurately characterized to assure acceptable spatial beam uniformity of the sample beams
and to dlow corrections for errors that are introduced by any non-uniformity. Errors can
also occur if target debris or laser damage change the transmission of the FOA optics or
introduce non-uniformity in the beam. In order to minimize these errors a shot-to-shot
update of estimates of the FOA transmission will berequired. The laser damage inspection
system and/or a near-field camera in the FOA 3w diagnostic sensor might be used to
determine the fractional area of the beam that is obscured by damage by the whole set of
FOA optics. Furthermore, accurate measurements will require that the detectors are
calibrated and flat fielded. These activities will be done first before the instruments are
installed and later during the maintenance period between shots. Tasks that require
dedicated NIF shots are the energy sensor calibrations against full aperture calorimeters and
the verification of beam synchronization with Au disk shots with 100-200 ps laser pulses.
This on-line synchronization check measures the Au x-ray emission produced by a short
pulse laser shot. Two shots are probably required to obtain 30 ps accuracy but they might
not have to be dedicated to the power baance effort. They can be shared with other NIF
users who will require short-pulse shots for target diagnostics checks and development.

The metrology data from the 1w sampling surface and the flat field cdibration data will be
used to extract the 1w near field from the output sensor measurement. The near field
information might be necessary to make corrections to increase the accuracy of the energy
data from the 1w and 3w cdorimeters as outlined in NIF_0046491 (cf. Fig. 3) and
NIF_0058570. Present estimates show that the laser energy diagnostics will meet the
requirement on accuracy and precison to dlow power baance tuning, i.e. 2.8% rms
accuracy for the 3w energy diagnostic, 2.2% of which is static. In order to meet the 1w
requirements, system shots at roughly 1/3 of full 1w energy into the roving calorimeters are
necessary for on-line calibration of the 1w output energy sensors. Only one bundle per
laser bay can be cdibrated a a time. A fast shot cycle is available that alows rapid
sequentid firing of the 12 bundles in each laser bay. The turn around between shots is
limited by the cycle time for the calorimeters (estimated to be 30 to 40 minutes) so it should



be possible to calibrate dl 192 beams within 2 shifts of operations (equivalent to 2 NIF
shots).

To supplement these calibration shots, measurements of the laser beam uniformity and 1w
and 3w energies will be useful to test our modeling predictions, to establish trends in the
FOA transmission, and to verify correctionsto the energy/power measurement due to beam
and sampling optics non-uniformity. These measurements will be performed on every
system shot and for beams in laser bay 2 on shots into the precision diagnostic station
(PDS). At present, we estimate that no dedicated shots dlocated to the power baance
campaign will be required for these tests resulting in atotal shot count for calibrations of 14
shots (12 for 1w calorimetry and 2 for verification of beam synchronization) in 4 shifts of
NIF operations.

4. POWER BALANCE CAMPAIGN (8% pb)

At the end of the activation of the 48 quads in 2008, full 8% power baance will amost
immediately be required for the WBS2 symmetry campaigns. Full 8% power baance
reguires tuning out the systematic differencesin laser performance among the various quads
(seeFig. 4) to lessthan 2%. Random variations that will aways be present during the low
power tuning shots are expected to be large, approximately 9% rms, and present a
significant challenge in matching the average performance of dl quads to within 2% rms.
Achieving this goa will require averaging over severa full system shots and simultaneously
correcting the 3w output for the random variations in the main amplifier gain and in the
injected energy. The 3w output for each shot will be measured in the FOA 3w caorimeter
and the amplifier gain and injection energy will be determined from the 1w input and output
energy measurements. The 1w measurements will provide input data for the Laser
Performance Operations Model to estimate the corrections for the measured injection
energies and amplifier gainson the shot. The latter step is essentia to reduce the variation
in the measured 3w energy, oE,, to <2%. The correction also requires knowledge of the
average PAM energy injected into each quad and the average amplifier gain for each bundle,
i.e. these values averaged over severd shots. These average vaues can be determined either
during the tuning campaign shots or through the LPOM based on recent past system
performance data. The total error in any correction will be the RSS sum of the error in the
measurement (of injection energy or gain) on the shot and the uncertainty in the knowledge
of itsaverage value for each quad or bundle.

The 8% power balance tuning campaign will be performed like the power balance setup
procedure with 10ns-long low-energy square pulses with power equivaent to that of the
foot of aHaan-pulse. During this campaign, full laser diagnostics with 192 BSGs, suitable
debris shields or aminimum debristarget, and the calibrations of all energy sensors must be
available. On each system shot in addition to the 3w energy, the 1w injection energy and the
1w output energy will be measured. The accuracy and precision of these measurements is
expected to be 2% and 1%, respectively. Eight measurements of the 1w output energy will
be made for each bundle, one for each beam. The input and output 1w measurements will
alow us to estimate the amplifier gain for each bundle on each shot. The design
requirement for amplifier gain variation is2% rms at 1w corresponding to a contribution in



the variation of the 3w energy of 4.8% rms. By averaging over two measurements of the
injected energy (one for each quad) and eight measurements of the output energy (one for
each beam) the bundle gain on a shot can be measured with arms precision of lessthan 1%.
By averaging over 6 shots the average gain of each bundle should be determined to within
0.8% rms. Taking the RSS sum of these two contributions, a measurement error of 1% and
the uncertainty in our knowledge of the average bundle gain of 0.8%, yields an uncertainty
in the corrected gain of less than 1.3% rms. Applying the factor of 2.4 to convert 1w
uncertainty at foot intensity to 3w uncertainty gives a 3% rms contribution to the corrected
overall 3w shot-to-shot repeatability.

The input sensor energy measurement can be used directly to partially correct the 3w output
for variationsin the injected energy for each quad. The specified injection energy variation
IS <3% rms which corresponds to a shot-to-shot random variation of 7.2% rms a 3w. The
short-term precision of the input sensor caorimeter is expected to be <1% rms. If we
average over enough shotsto obtain 0.5% rms uncertainty in our knowledge of the average
injection energy (~36 high-repetition PAM shots), take the RSS sum as above, and apply
the 1w to 3w multiplier, the injection energy contribution to the corrected overall 3w shot-to-
shot repeatability becomes 2.7% rms.

There are two additional sources of error that must be taken into account. These are the
random variations in setting and maintaining the phase matching angle of the frequency
doubling crystal in the FOA and the error in measuring the 3w energy. The frequency
conversion errors are estimated to contribute 1% to the random energy variations (Paul
Wegner, private communication, 2000). Unlike the 1w energy measurements where we
were interested only in the repeatability, we must consider the tota error (2.8% totd, 2.2%
static or systematic and 1.6% dyanmic or random) for the 3w measurement. This is true
because we are trying to balance the energies at the target, not make a correction that
depends largely on repeatability. We make four measurements of the output of each quad,
one for each beam. The estimated error in each of these measurements is 2.8%. If we
assume that the errors are randomly distributed the error in the measurement of the quad
energy is 1.4%.

Taking the RSS sum of the contributions to the variations in the 3w energy which include:
(2) the corrected injection energies (2.7%), (2) the corrected amplifier gains (3.0%), (3) the
random tuning errors of the KDP (1%), and the errors in the energy measurements (1.4%)
resultsin atotal energy uncertainty of 4.4% for asingle shot. Therefore, averaging over six
shots should reduce the energy uncertainty to 2% (Ralph Speck, private communication,
2000). This 2% uncertainty was recently verified by detailed laser modeling (Oggie Jones,
private communication, 2000). After the systematic differences are measured during the
first set of six shots, we will reduce those by adjusting the PAM wave plates. During the
initial set up probably 2 more iterations will be required, resulting in 18 shots for the 8%
power balance tuning procedure. On subsequent campaigns, by taking advantage of data
collected in previous campaigns, this number might be reduced to 12 shots. Without
properly caibrated and fully functioning laser diagnostics and an up-to-date operations
mode the shot number will be unacceptably high. This can be understood by simply
combining the variations of the 3w energy dueto variationsin the injection energy, amplifier



gains, KDP settings, and the energy diagnostics. Without corrections, the total variation
would be 8.8%, requiring 16 shots for each iteration in order to reach 2% uncertainty in the
quad performance.

Figure 5 summarizes the schedule for the 15% power balance setup procedure and the 8%
power balance tuning campaign linking it to the current NIF schedule.

5.

ACTIONITEMS

1)

A technique that allows saturated PAM operations for a low energy square pulse needs
to be developed.

2) A minimum debris target needs to be developed for power balance shots applying

3)

4)

hydrodynamic simulations. This effort might result into two different targets because of

the different laser energies used during setup and full NIF 8% power balance tuning.

The requirements on such a minimum debristarget are:

a) The target must not creste amounts of shrapnel and debris that will affect the
transmission of the debris shield by more than 0.5% over 10 shots with a tota
energy on target of 2kJ at 3w and 12 kJ at 1w per shot.

b) Thetarget must not scatter more than 10% of incident laser light to assure that the
3w calorimeter readings are not affected by scattered radiation

During laser setup, 4 shots are required to measure the 3w laser energies to 2%

accuracy. In the next step, the PABTS splitter ratios will be tuned and subsequently 4

more shots are required to verify that the splitter ratios have been set correctly. A

similar averaging procedureis aso required for full power balance tuning. It might be

possible to save one or more shots during each cycle by using a faster algorithm that
allows tuning after 3 shots have been fired. The possible development of a faster
algorithm needs to be investigated.

The present procedure determines the systematic differences for the foot of a Haan

pulse. If the laser pulse shape is considerably modified a new tuning iteration will be

required. The possibility of tuning the laser beams for a broad range of laser pulse
shapes should be investigated.
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